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METABOLIC FRACTPO?%LT'I.ON OF CARBON ISOTOPES I N  MARINE PLANKTON, 

PART I: TEMPERATURE AND RESPIRATION EXPERIMENTS 

E. T. Degens, R.R.L.  Gui l lard,  W. M. Sacket t ,  and J. A .  Hellebust  

ABSTRACT 

The f r a c t i o n a t i o n  of s t a b l e  carbon i s o t o p e s  by marine phytoplankton 

c u l t u r e s  growing under def ined environmental cond i t ions  has  been d e t e r -  

mined. Skeletonema costatum and Cyc lo te l l a  nana experiments i n d i c a t e  

t h a t  a n  i n c r e a s e  i n  temperature from 10" t o  30°C causes a lowering of 

t he  6 C I 3  d i f f e r e n c e  between c e l l s  and HCO' of - 0.35 % per  degree C 

when a i r  (0.03 pe rcen t  CO,) i s  bubbled through t h e  growing c u l t u r e .  

N o  temperature e f f e c t s  are  no t i ceab le  when 5 pe rcen t  CO 

adminis tered a t  a r a p i d  flow r a t e  r e s u l t i n g  i n  a pH of 5.8 nor when 

NaHC03 i s  added i n  excess.  

3 

i n  a i r  i s  2 

The da ta  support  t h e  in fe rence  t h a t  both a l g a e  d i r e c t l y  u t i l i z e  

molecular CO r a t h e r  than carbonic ac id ,  bicarbonate ,  o r  carbonate.  

When a i r  C02 i s  provided t o  a n  a l g a l  c u l t u r e ,  t h e r e  i s  a n  inc reas ing  

d r a i n  on the  molecular CO supply as t h e  c u l t u r e  becomes more dense, 

a s  t h e  pH rises, and with inc rease  i n  temperature.  Consequently, t h e  

equi l ibr ium between t h e  molecular C02 and t h e  pool of i on ized  spec ie s  

i s  broken down; C13-enriched molecular C02 i s  r e l e a s e d  from t h e  

bicarbonate  and i s  subsequently taken up by the  p l a n t s .  

of t h i s  scheme, t h e r e  i s  no need t o  p o s t u l a t e  temperature-sensi t ive 

enzymatic r e a c t i o n s  t o  exp la in  t h e  observed i s o t o p e  f r a c t i o n a t i o n s  

2 

2 

On t he  b a s i s  
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with change i n  water temperature. 

When molecular C 0 2  i s  s u f f i c i e n t l y  abundant, t h e r e  i s  a constant: 

f r a c t i o n a t i o n  of about 19 %O between CQ2 and t h e  ce l l s  a t  a l l  tempera- 

t u r e  l e v e l s  (10" - 3 O O C ) .  

Skeletonema costatum and Dunaliella t e r t i o l e c t a  c u l t u r e s  kept  i n  

darkness f o r  12 days show a dep le t ion  i n  C I 3  by as  much as 5 %O re lat ive 

t o  the  CI3-content a t  t he  beginning of t he  per iod of  dark r e s p i r a t i o n .  

Thus i s o t o p e  f r a c t i o n a t i o n s  i n  l i v i n g  material occurs  i n  both 

s y n t h e t i c  and degenerat ive processes .  

\ 
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INTRODUCTION 

Th ub l i sh  d record shows a n  11 pe r  en t  v a r i a t i o n  i n  the  r a t i o  

of C I 3  t o  C I 2  i n  the organic  carbon composition of n a t u r a l  materials. 

Th i s  wide range combined with the p r e c i s i o n  of  carbon i so tope  a n a l y s i s  

of  k 0.01 percent  may e x p l a i n  the g r e a t  interest  and a c t i v i t y  p re s -  

e n t l y  displayed i n  t h i s  a r e a  of r e sea rch .  

S t ab le  carbon i so topes  a r e  widely used f o r  t h e  i n t e r p r e t a t i o n  

of  s p e c i f i c  b i o l o g i c a l  and geological problems. For example, they 

have served as n a t u r a l  t r a c e r s  i n  i n v e s t i g a t i o n s  concerning the 

"b iosyn the t i c  crossroads' '  of  carbon during photosynthesis ,  and i n  

s t u d i e s  of t h e  o r i g i n  of petroleum, coal ,  and kerogen. For a r e c e n t  

review on t h i s  subject ,  s ee  Degens (1967). The complexi t ies  involved 

i n  the  photosynthet ic  f i x a t i o n  of  carbon are shown i n  work by Park 

and Eps te in  (1961) on tomato p l a n t s  and by Abelson and Hoering (1961) 

on Ch lo re l l a  c u l t u r e s .  Of similar i n t e r e s t  a re  the  s t u d i e s  by 

Kaplan and R i t t enbe rg  (1964) on carbon i s o t o p e  f r a c t i o n a t i o n  

occur r ing  during t h e  metabolism of lactate  by the s u l f a t e  reducing 

bacterium Desulfovibrio desulfur icans.  We a l s o  draw a t t e n t i o n  t o  

Rosenfeld and Silverman's (1959) discovery t h a t  during fermentat ion 

by methane producing b a c t e r i a  a methane i s  obtained enriched by as 

much as 90 %O i n  CI2 r e l a t i v e  to t h e  methanol s t a r t i n g  material .  

These a u t h o r s  a l s o  made the  i n t e r e s t i n g  observat ion t h a t  a r i s e  i n  

temperature increased methane production and 6 C I 3  i n  t h e  methane 

l i b e r a t e d  . 
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I n  t h i s  context,  work by Sackett ,  Eckelmann, Bender, and B 6  (1965) 

on the  apparent temperature dependence of carbon i so tope  composition 

i n  marine plankton and sediments i s - o f  s p e c i a l  i n t e r e s t .  These au tho r s  

found t h a t  marine plankton co l lec ted  i n  South A t l a n t i c  waters near 

0°C w a s  depleted by s e v e r a l  % i n  C 

t r o p i c a l  regions.  This isotope d i f f e r e n c e  w a s  a l s o  r e f l e c t e d  i n  

sediments taken a t  the r e spec t ive  si tes.  Aside from i t s  b i o l o g i c a l  

s ign i f icance ,  t h i s  observat ion has  t o  be  taken i n t o  account when 

i n t e r p r e t i n g  the  carbon isotope d i s t r i b u t i o n  i n  r ecen t  and anc ien t  

sediments. 

13 r e l a t i v e  to  samples from 

Our work on the carbon isotope composition of marine plankton 

h a s  similar o b j e c t i v e s .  " . I n  the  f i r s t  of two a r t i c l e s  we 

w i l l  be concerned with the e f f e c t  of water temperature and length 

of r e s p i r a t i o n  on the C r a t i o  of laboratory-cul tured marine 13,c12 

phytoplankton. The second a r t i c l e  (Degens, Behrendt, Gotthardt  

and Reppmann, 1967) c h i e f l y  deals  with i n t e r n a l  carbon i so tope  

f r a c t i o n a t i o n  between the  m a j o r  biochemical c o n s t i t u e n t s  i n  p l a n k t o i  

c o l l e c t e d  during the ANTON BRUUN Cruise 15 ( A p r i l  13-26, 1966) i n  

the  South P a c i f i c .  

CULTURE METHODS 

The n e r i t i c  diatom Skeletonema costatum (WHO1 clone "Skel"), 

t he  e s t u a r i n e  clone "3H" of the diatom Cyc lo te l l a  nana, and the  

green f l a g e l l a t e  h n a l i e l l a  t e r t i o l e c t a  (clone "Dun") were grown 
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i n  enr iched sea water (half  s t r eng th  medium Ilf", Gu i l l a rd  and Ryther, 

1962) under mixed "cool-white" and "natural"  f luo rescen t  l i g h t s  

(Sylvania) providing 5000 - 10,000 lux, i n  e i t h e r  a 14 h r .  l i g h t ,  

10 h r .  dark cycle ,  o r  i n  continuous l i g h t .  

For study exc lus ive ly  of t h e  i s o t o p e  f r a c t i o n a t i o n  t h a t  

occurred during growth, and when a i r  o r  5 percent  C02 provided 

t h e  carbon, Cyc lo te l l a  o r  Skeletonema c u l t u r e s  were grown i n  

1 - 2 1 of medium i n  2.4 1 Fernbach f l a s k s  f i t t e d  with non-toxic 

s i l i c o n e  s toppe r s  having tubes f o r  a e r a t i o n ,  vent ing,  i nocu la t ion ,  

and siphoning. When bicarbonate provided t h e  carbon, t h e  c u l t u r e s  

were grown i n  1 o r  2 1 glass-stoppered b o t t l e s ,  and s t e r i l e  

f i l t e r e d  NaHC03 was added t o  give a f i n a l  concentrat ion of i no rgan ic  

carbon about t e n  times the  2mM found i n  n a t u r a l  sea water. (The 

a l g a l  crop i s  thus of t h e  order of  1 percent  of t h e  carbon i n i t i a l l y  

p re sen t .  ) 

For study exc lus ive ly  of t h e  f r a c t i o n a t i o n  t h a t  occurred 

during r e s p i r a t i o n  i n  prolonged darkness, Dunal ie l la  c u l t u r e s  w e r e  

grown i n  h a l f  l i t e r  l o t s  i n  glass-stoppered b o t t l e s ,  with a t o t a l  

bicarbonate  concentrat ion e i g h t  t i m e s  t h a t  of sea water. When 

growth w a s  s u f f i c i e n t l y  dense, one f l a s k  w a s  taken as  the  " t i m e  

zero" sample, while the others  were placed i n  darkness, t o  be 

removed one a t  each subsequent sampling t i m e .  

For a s tudy of f r a c t i o n a t i o n  a t  d i f f e r e n t  temperatures during 

both growth and subsequent dark r e s p i r a t i o n ,  Skeletonema c u l t u r e s  
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were grown i n  12 - 18 1 batches i n  carboys f i t t e d  with t h e  necessary 

tubes.  A f t e r  s u i t a b l e  ce l l  d e n s i t i e s  were a t t a i n e d ,  t h e  c u l t u r e s  

were sampled and kep t  i n  darkness f o r  t he  du ra t ion  of t he  r e s p i r a t i o n  

s tudy . 
The ce l l s  were harvested by continuous o r  batchwise cen t r i fuga -  

t i o n  and kep t  f rozen at: -20°C u n t i l  r equ i r ed  f o r  a n a l y s i s .  

I n i t i a l  and f i n a l  200 m l  samples of a l g a l  medium were provided 

f o r  determinat ion of t h e  isotope r a t i o  i n  the  t o t a l  CO Water 

samples were s to red  a t  4°C with HgC12 added t o  prevent  b a c t e r i a l  

a c t i o n  on any dissolved organic matter. 

2' 

MASS SPECTROMETER ANALYSIS 

Organic carbon samples were converted t o  carbon dioxide and 

subsequently p u r i f i e d  of any contaminating gas i n  t h e  system 

following a procedure ou t l ined  by Craig (1953) and Sacke t t  and 

Thompson (1963). This involves complete combustion of organic  

matter a t  about 900°C i n  t h e  presence of copper oxide and oxygen, 

and t h e  c o l l e c t i o n  of t h e  r e l eased  C 0 2  by l i q u i d  n i t r o g e n  t r a p s .  

The carbonic qc id  spec ie s  i n  water samples  were r e l e a s e d  by 

a c i d i f i c a t i o n  and were co l l ec t ed  as C 0 2  (Deuser and Degens, 1967). 

The carbon i s o t o p e  composition of t h e  carbon dioxide,  obtained 

e i t h e r  by t h e  combustion of  organic matter o r  t he  a c i d i f i c a t i o n  of 

t h e  aqueous media, w a s  analyzed by a 6- in ,  60" s e c t o r  Nier-type 

mass spectrometer employing a double c o l l e c t i n g  system. Data a re  
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reported as % dev ia t ion  r e l a t i v e  t o  the PDB Chicago belemnite 

standard (Craig, 1953; 1957) : 

6 cI3 = (R - 1) x 1000 
RS 

R = c ~ ~ / c ~ ~  r a t i o  i n  sample 

Rs = C I 3 / C l 2  r a t i o  i n  the  standard 

Appropriate c o r r e c t i o n  f a c t o r s  descr ibed by Craig (1957) were 

appl ied .  

When d i f f e r e n c e s  between a two 6 C I 3  va lues  a r e  of i n t e r e s t ,  

13 the  term A C i s  used. 

RESULTS 

The i so tope  data a r e  summarized i n  Tables 1 and 2 and a r e  

grouped according t o  species ,  water temperature, and ( i n  Table 2) 

according t o  days of r e s p i r a t i o n .  Cyc lo te l l a  and Skeletonema 

populat ions grown under approximately normal sea water condi t ions ;  

i . e . ,  pH 8.1 - 8.6,  with C 0 2  recharged from a i r ,  exh ib i t ed  a 

similar i so tope  p a t t e r n ;  namely, an increase  of temperature 

increased the C I 3  content  o f  the c e l l  carbon (Table 1). The 

r e l a t i o n s h i p s  a r e  i l l u s t r a t e d  i n  F igs .  1 and 2.  It i s  noteworthy 

13 t h a t  the speed of a e r a t i o n  had a s i g n i f i c a n t  e f f e c t  on the  d' C 

of the  c e l l s .  

When 5 percent  C 0 2  w a s  supplied t o  the growing Cyc lo te l l a  
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populat ion,  t he  pH of t h e  medium was lowered t o  5.8 - 5 . 9 .  Under 

t h e s e  condi t ions  a change i n  water temperature from 10" t o  30°C had 

very  l i t t l e  e f f e c t  on the  i so tope  composition of t he  c e l l .  

a s  the  5 percent  C02 supply was i s o t o p i c a l l y  l i g h t  with a 6 C I 3  of 

-26.1, t he  r e s u l t i n g  plankton m a t e r i a l  exh ib i t ed  h ighly  nega t ive  

CI3 va lues .  To f a c i l i t a t e  comparison with the  Cyc lo te l l a  experiment 

done under normal sea water condi t ions,  t he  f r a c t i o n a t i o n  d i f f e rence  

between the  CO supply and the organic  mat te r  of t he  c e l l s  (AC 

cell-CO ) has  been c a l c u l a t e d  f o r  each experimental  condi t ion  

Inasmuch 

13 
2 

2 

(Table 1, las t  column; F ig .  2 ) .  The A C I 3  (cell-C02) va lues  f o r  

t he  5 percent  C 0 2  grown c e l l s  were i d e n t i c a l  t o  the  

f o r  t he  Cyc lo te l l a  grown a t  10°C i n  a e r a t e d  sea water .  However, 

r e l a t i v e  t o  the  b icarbonate  i n  t he  5 percent  CO experiment, t he  

c e l l  f r a c t i o n a t i o n  increased  to  about  27 %o ( 4 C I 3  (cell-HCO;) 

column 6 of Table 1; F ig .  2 ) .  

(cell-HCO;) 

2 

A t h i r d  experiment was performed under condi t ions  of increased  

bicarbonate  ion  concent ra t ion  (10 times t h a t  of normal sea water,  

achieved by adding NaHCO pH 8 . 2 ) .  As w a s  t he  case  f o r  t h e  5 percent  

CO experiment, no temperature dependent i so tope  e f f e c t s  were n o t i c e -  2 

a b l e .  

c e l l s  d C I 3  -31) amounted t o  about -26 %O (Table 2 ;  F ig .  1). 

3; 

The f r a c t i o n a t i o n  between b icarbonate  (6 C I 3  - 4 . 9  and p l a n t  

To t e s t  t he  e f f e c t  of prolonged r e s p i r a t i o n  on the  i so tope  

p a t t e r n  of c e l l  ma te r i a l ,  Dunal ie l la  and Skeletonema popula t ions  were 

exposed f o r  up t o  19 days t o  darkness .  Dunal ie l la  showed a decrease 
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13 i n  6 C I 3  by about 5 %O i n  5 days; from then on only a minor 6 C 

d e c l i n e  w a s  observable (Fig.  3).  I n  case of Skeletonema, t h e  

changes were less pronounced and no systematic  6 C 

be recognized. 

13 t r end  could 

DISCUSSION 

A t  p re sen t  t h e r e  i s  s t i l l  unce r t a in ty  regarding the  form i n  

which carbon i s  taken up by marine p l a n t s  during photosynthe8is.  

The problem revolves  around the p o s s i b i l i t y  t h a t  molecular CO 

bicarbonate,  o r  some organic  compounds may se rve  as  carbon donor. 

The complexity of  t h e  subject  i s  revealed i n  t h e  work of  Steemann 

Nielsen (1960, 1963, 1966), Watt and Paasche (1963) and Paasche 

(1964). The general  consent i s  t h a t  molecular C02 i s  t h e  

p r i n c i p a l  form u t i l i z e d  d i r e c t l y  during photosynthesis .  The only 

marine spec ie s  so f a r  c l e a r l y  shown t o  use bicarbonate  i s  

Coccolithus huxleyi,  which lays  down calcium carbonate.  F i x a t i o n  

of CO from dissolved organic materials such as  carbamino 

carboxyl ic  a c i d s  has  been suggested; t h e  data ,  however, a re  i n -  

conclusive.  Before discussing t h e  s i g n i f i c a n c e  of the carbon 

i s o t o p e  data ,  we  w i l l  b r i e f l y  consider  some environmental a s p e c t s .  

The r e l a t i o n s h i p s  i n  the sea water carbonate system have been 

i n v e s t i g a t e d  by Saruhashi (1955). A r e c e n t  review i s  presented by 

Skirrow (1965). I n  the  context of t h e  p re sen t  work the  e f f e c t  of 

temperature and pH on the  concentrat ion and r e l a t i v e  p ropor t ions  

2’ 

2 
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of t he  carbonic  a c i d  substances i n  sea water i s  of s p e c i a l  i n t e r e s t .  

The s o l u b i l i t y  of carbon dioxide i n  

times g r e a t e r  than a t  a temperature 

water i s  temperature dependent. I n  

the  temperature c o e f f i c i e n t  for P 
c o 2  

sea water a t  0 ° C  i s  about 2.5 

of 3 0 ° C .  Also,  t he  P of sea 

using da ta  of Harvey (1955) 

i s  about 1 percent  pe r  "C- ,:This 

c o 2  

I 

va lue  corresponds t o  a change i n  C 0 2  content  of about 14 p.p.m. 

per  " C .  It i s  implied t h a t  increase  i n  temperature w i l l  lower 

the  t o t a l  conten t  of dissolved CO i n  sea water,  whereas the  P 

goes up. 
2 COP 

I n  using Harvey's data and assuming a cons tan t  pH, t h e r e  

i s  a n e t  g a i n  of concentrat ion 

t o  w a r m  waters. 

Fig.  

The pH r e l a t i o n s h i p s  i n  a 

4. As t he  pH i s  lowered, 

Work by Deuser and Degens 

i n  molecular C02 i n  co ld  r e l a t i v e  

sea water  system a r e  i l l u s t r a t e d  i n  

t h e  molecular CO content  i nc reases .  

(1967) on the  carbon i so tope  

2 

f r a c t i o n a t i o n  i n  the  system CO2(gas)-CO2(aqueous)-HC0;(aqueous) 

has  shown t h a t  t he  carbon i so tope  f r a c t i o n a t i o n  between gaseous 

COP and HCOi 

range 0 t o  3 0 ° C .  This  f r a c t i o n a t i o n  occurs  i n  the  hydra t ion  

decreases  from 9 .2  t o  6.8 %o over the  temperature 

s tage ,  n o t  i n  the  passage of atmospheric CO through the  a i r -wa te r  

i n t e r f a c e .  Under i s o t o p i c  equi l ibr ium condi t ions ,  molecular CO 

i n  sea water  i s  v i r t u a l l y  i d e n t i c a l  t o  atmospheric COP whereas 

b icarbonate  and molecular COP should d i f f e r  by about  7 t o  9 %O i n  

n a t u r a l  environments, depending on the  temperature ,  

2 

2 

I n  l i g h t  of t hese  r e s u l t s ,  t he  carbon i so tope  da ta  of t h i s  
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study a r e  e a s i l y  i n t e r p r e t a b l e  and w e  r e f e r  t o  F ig .  1. The h ighes t  

f r a c t i o n a t i o n  between bicarbonate  and p l a n t  c e l l s  i s  achieved when 

CO i s  most abundant (experiment: 5 percent  C02). Next i n  l i n e  

f a l l  t he  experiments with a tenfo ld  excess  of HCO' over normal sea 

water .  The s l i g h t  decrease i n  4 C I 3  (cell-HCO;) with inc rease  i n  

temperature i n  both experiments i s  c o n s i s t e n t  with the  da ta  of 

Deuser and Degens (1967) showing a change i n  the  degree of f r a c t i o n -  

a t i o n  i n  the  same d i r e c t i o n .  

ments, i . e . ,  under v i o l e n t ,  in te rmedia te  and slow a e r a t i o n  

condi t ions ,  and which may approach cond i t ions  normally found i n  

the  marine environment, r e f l e c t  t h e  decreas ing  a v a i l a b i l i t y  of 

molecular CO 

reduced. 

down the  i s o t o p i c  equi l ibr ium between the  molecular CO 

pool of ion ized  spec ies ,  and more heavy C02 e n t e r s  the  molecular 

CO pool and i s  immediately taken up by the  p l a n t s  before  e q u i l i b -  

r a t i o n  i s  achieved. The i n t e r n a l  temperature e f f e c t  no t i ceab le  i n  

t h e  las t  th ree  s e t s  of experiments only r e f l e c t s  a change i n  the  

r e l a t i v e  abundance of t he  forms of d i sso lved  carbon and a d i f f e r e n c e  

i n  the  growth r a t e  of t he  organisms. 

growth rate f o r  Skeletonema and Cyc lo te l l a  popula t ions  i s  about 

5 times l e s s  than a t  25OC, whereas the  s o l u b i l i t y  of C 0 2  i s  2 t imes 

g r e a t e r  i n  the  5" r e l a t i v e  to the  25°C water .  

e f f e c t s  may a l s o  be achieved by changing the  pH. 

2 

3 

The remaining t h r e e  s e t s  of exper i -  

as the  temperature inc reases  and the  a i r  supply i s  2 

The inc reas ing  dra in  on the  molecular C02 supply breaks 

and the  2 

2 

For example, a t  5°C the  

The same i so tope  

As a r u l e ,  a 
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decrease in pH will increase the observed fractionation between the 

bicarbonate and the cell carbon. It appears, however, that at a 

certain point a miarimum fractionation barrier will be reached. The 

Skeletonema experiment where air was bubbled only slowly through 

the medium, shows a 4 CI3 (cell-HC03) of about -12.5 %O at 18" and 

at 28°C. In contrast, a maximum fractionation barrier at about 

the -28 %o level appears to be established in the Cyclotella experi- 

ment involving 5 percent CO 

molecular CO in equilibrium with the bicarbonate using the 

fractionation factors experimentally determined (Deuser and 

Degens, 1967), and calculating the A CI3 (cell-C02) values for 

those experiments where molecular CO was highly abundant, the 

fractionation amounts to about 19 %O for all temperature levels 

By calculating the 6 CI3 of the 2 '  

2 

2 

concerned, 

In summary, Skeletonema and Cyclotella utilize exclusively 

molecular C02. 

equilibrium with bicarbonate, the 

high as -28 %o. 

drained due to a number of environmental or biological circumstances 

If molecular C02 is highly abundant and in isotopic 

CI3 (cell-HCO;) may be as 

As the molecular C02 pool becomes effectively 

(e.g., pH, temperature, rate of growth), the C13 (cell-HCO;) may 

be lowered to about -12 %o. 

can be obtained from a single population just by varying certain 

This wide range of isotope values that 

environmental parameters may be quite helpful in future studies, 

when one intends to study phytoplankton populations in their 
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n a t u r a l  h a b i t a t .  

(1965) who observed t h a t  plankton from a r c t i c  regions i s  depleted 

i n  C I 3  by about 6 %o ( 6 C I 3  = -26) r e l a t i v e  t o  plankton c o l l e c t e d  

i n  t r o p i c a l  waters, can now be i n t e r p r e t e d  i n  a reasonable  

fashion. A plankton sample c o l l e c t e d  i n  the  Gulf Stream and 

analyzed by Craig (1953) gave a 6 CI3 va lue  of about -12 %o. 

This wide spread of about 15 % between the  v a r i o u s  n a t u r a l  

plankton samples so f a r  examined i s  undoubtedly a func t ion  of the 

environmental circumstances under which the p l a n t s  grew. 

The data  of Sacket t ,  Eckelmann, Bender, and Be/ 

The r e s p i r a t i o n  experiments fo r  Dunal ie l la  showed a decreasing 

13 6 C13 t rend  which may mean t h a t  C -enriched compounds a r e  

p r e f e r e n t i a l l y  e l iminated v ia  r e s p i r a t o r y  carbon dioxide or  

organic  exc re t ion  products.  

w i l l  become concentrated.  I n  view of the s i g n i f i c a n t  loss i n  

carbon during r e s p i r a t i o n  which amounGs t o  50 - 60 percent  i n  20 

days (Hellebust and Terborgh, i n  p r e s s ) ,  such a d r a s t i c  a l t e r a t i o n  

i s  bound t o  leave an  imprint on the  carbon i s o t o p e  composition of 

the organic  res idue .  

r e s p i r a t i o n  experiments f o r  Skeletonema. A f t e r  a n  i n i t i a l  i nc rease  

i n  6 C I 3  during the  f i r s t  day, 6 CI3 decreased and reached a 

p l a t eau  va lue  i n  less than s ix  days. 

Consequently, CI3-depleted compounds 

Less regular  was the 6 C I 3  p a t t e r n  i n  the  

For comparative purposes, w e  include two i s o t o p e  determinations 

on c u l t u r e s  of the marine chemoautotrophic bacterium N i t r o s o c y s t i s  
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oceanus. This  bacteri  im assimilates C 0 2  ria t h e  r educ t i  

phosphate cyc le  (Campbell, Hellebust and Watson, 1966). 

e pentose 

The 

observed carbo-. i s o t o p e  f r a c t i o n a t i o n  between HCO’ and c e l l  carbon 

w a s  about twice t h a t  commonly observed i n  marine phytoplankton 

(Table 1). 

7.6, bu t  t h i s  i s  r a p i d l y  lowered t o  pH 5.5 by ox ida t ion  of ammosia. 

Most of t h e  dissolved carbon i s  p resen t  as  molecular C 0 2  under 

t h e  latter cond i t ion  of pH. Phytoplankton grown under such 

circumstances would have a 

than t h e  -28 shown by t h e  bacterium. 

t h e  high f r a c t i o n a t i o n  of N i t rosocys t i s  r e s u l t s  from e f f i c i e n t  

f r a c t i o n a t i o n  i n  a n  enzymatic carboxylat ion a t  t h e  r i b u l o s e  -1, 

5-diphosphate level, i t  seems more l i k e l y  t h a t  i t  i s  due t o  t h e  

g r e a t e r  abundance ( - 25 percent)  of C1’-depleted l i p i d  compounds 

i n  N i t r o s o c y s t i s .  

progress  (Watson, S. W . ,  W. G .  Deuser and E. T .  Degens, unpublished). 

3 

The pH a t  t h e  s t a r t  of N i t r o s o c y s t i s  growth i s  about 

C I 3  (cell-C02) of  about  -19, r a t h e r  

While i t  i s  p o s s i b l e  that 

A carbon i so tope  study of N i t r & s o c y s t i s  i s  i n  



REFERENCES 

ABELSON, P. H. and T. C. HOERING (1961) Carbon i s o t o p e  f r a c t i o n a t i o n  

i n  formation of amino acids by photosynthet ic  organisms. Proc. - 
Natn. Acad. S c i .  U.S.A. 5 623-632. 

CAMPBELL, A. E., J. A.  HELLEBUST and S .  W .  WATSON (1966) Reductive 

pentose phosphate cyc le  i n  N i t r o s o c y s t i s  oceanus. J. Bact. 

CRAIG, H. (1953) The geochemistry of s t a b l e  carbon i so topes .  Geochim. 

Cosmochim. Acta 53-92. 

CRAIG, H .  (1957) I s o t o p i c  s tandards f o r  carbon and oxygen and 

c o r r e c t i o n  f a c t o r s  f o r  mass spec t romet r i c  a n a l y s i s  of  carbon 

dioxide.  Geochim. Cosmochim. Acta 3 133-149. 

DEGENS, E .  T. (1967) Biogeochemistry of  s t a b l e  carbon i so topes .  I n :  

Organic ge0chemistry:Method.s and r e s u l t s ,  G. EGLINTON and M.T.J. 

MURPHY, e d i t o r s ,  Springer Verlag, New York, I n c .  ( i n  p r e s s ) .  

DEGENS, E. T. ,  M e  BEHRENDT, B. GOTTHARDT and E. REPPMANN (1967) 

Metabolic f r a c t i o n a t i o n  of carbon i s o t o p e s  i n  marine plankton, 

P a r t  11: Data on samples  c o l l e c t e d  o f f  t h e  c o a s t  of  Peru and 

Ecuador. (Submitted f o r  p u b l i c a t i o n ) .  

DEUSER, W .  G. and E. T. DEGENS (1967) Carbon i s o t o p e  f r a c t i o n a t i o n  

i n  t h e  system C02(gas) -C02(aqueous) -HCO;. (aqueous). 

f o r  p u b l i c a t i o n ) .  

(Submitted 

GUILLARD, R.R.L. and J. H. RYTHER (1962) S tud ie s  of  marine p l ank ton ic  

diatoms. I .  Cy , c l o t e l l a  nana Hustedt, and Detonula confervacea 

(Cleve) Gran. Can. J. Microbiol. 8, 229-239. 
c 



HARVEY, H. W .  (1955) The chemistry and f e r t i l i t y  of sea water. 

Cambridge Universi ty  Press.  

HELLEBZST, J .  A .  and J .  TERBORG3. E f f e c t s  of  environmental condi t ions 

on t h e  ra te  of photosynthesis and some photosynthet ic  enzymes i n  

Dunal ie l la  t e r t i o l e c t a  Butcher. Limnol. Oceanogr. ( i n  p r e s s ) .  

KAPLAN, I. R.  and S .  C.  RITTENBERG (1964) Carbon i s o t o p e  f r a c t i o n a -  

t i o n  during metabolism of l ac ta te  by Desulfovibrio desu l fu r i cans .  

J .  gen. Microbiol.  34 213-217. 2 

PAASCHE, E. (1964) A t r a c e r  study of t he f ino rgan ic  carbon uptake 

during c o c c o l i t h  formation and photosynthesis  i n  the  

coccol i thophorid Coccolithus huxleyi .  Physiologia P l . ,  1-82. 

PARK, R .  and S .  EPSTEIN (1961) Metabolic f r a c t i o n a t i o n  of C I 3  and 

C I 2  i n  p l a n t s .  P1. Physiolr., Lancaster 36, 133-138. 
LzL-- 

ROSENFBLDJ9 W. D. and S. R.  SILVERMClN (1959) Carbon i so tope  f r a c t i o n a -  

t i o n  i n  b a c t e r i a l  production of methane. Science,  N . Y .  130, 1659. 

'u 
SACKETT, W .  M.,  W .  R .  ECKELMAMN, M. L. BENDER and A.W.H. BE (1965) 

Temperature dependence of carbon i so tope  composition i n  marine 

plankton and sediments. Science, N.Y.  1_48, 235-237. 

SACKETT, W .  M. and R. R ,  THOMPSOX (19'63) I s o t o p i c  carbon composttion 

of  r e c e n t  c o n t i n e n t a l  derived c l a s t i c  sediments of e a s t e r n  Gulf 

Coast, Gulf of Mexico. B u l l .  Am. A s s .  P e t r o l .  Geol. 5 525-528. 

SARUHASHI, K. (1955) On t h e  equilibrium concen t r a t ion  r a t i o  of carbonic  

a c i d  substances dissolved i n  n a t u r a l  water. Pap. Met. Geophys., 

Tokyo 5 38-55 



SKIRROW, G .  (1965) The dissolved gases  - carbon dioxide.  

Chemical oceanography, J .  Po  RILEY and G, SKIRROW, e d i t o r s ,  

Academic Press,  Vol. I. 

Chapter 7 i n :  

STEEMA" NIELSEN, E. (1963) On bicarbonate  u t i l i z a t i o n  by marine 

phytoplankton i n  photosynthesis .  

carboxyl ic  a c i d s  as  a carbon source.  Physiologia P1. 466-469. 

With .a n o t e  on carbamino 

STEEMA" NIELSEN, E .  (1966) The uptake of  f r e e  COP and HCO; during 

photosynthesis  of plankton a l g a e  with s p e c i a l  r e f e rence  t o  the 

coccol i thophorid Coccolithus huxleyi .  Physiologia P1. 19, - 
232-240. 

STEEMANN NIELSEN, E .  (1960) Uptake of C02 by the  p l a n t .  In :  

Encyclopedia of  p l a n t  physiology, W .  RUHLAND, e d i t o r ,  

Springer,  Berl in ,  5 (1 ) ,  70-84. 
Mc 

WATT, W. D .  and E. PAASCHE (1963) An i n v e s t i g a t i o n  of t he  cond i t ions  

f o r  d i s t i n g u i s h i n g  between C 0 2  and bicarbonate  u t i l i z a t i o n  by 

a l g a e  according t o  the  methods of  Hood and Park.  

16 674-681. 
u j  

Physiologia P1 .  



~~ 

h 

4 
I 

m 
N 
rl 
I 

h 

m 
I 

\o 

N + 

n 
0 
m 

I 
W 

7 . .  

~ 

'0, 
m 

I 

In 

hl 
rl 
I 

vr 
rl 
rl 
I 

0 

+ rl 

h m 
m 

I 
W 

N 

c) '8 
Q Z  
u 1  

a, u 

0 
\o 

I 

a3 

N 
4 

I 

rl 

N 
rl 
7; 

h 

0 + 

n 
rl 

\o 
I 

W 

0 m 

h 

0 
rl 
I 

a3 

co 
rl 
I 

4 
\o 
rl 

I 

4 
hl + 

-ic 
n 
h 

m 
I 

W 

a3 

a\ 
rl 

I 

0 

h 
rl 

I 

m 
m 
rl 

I 

? 
rl + 

n 
h 

m 
W 

0 
N 

4 

a3 
rl 
I 

hl 

\o 
hl 
I 

rl 

rl m 
I 

m 

Y 

h 
0 
m 
rl 
' V  
W 

0 
rl 

h 

a3 
rl 

I 

0 

\o 
N 
I 

a\ 

0 m 
I 

m 

P 

n 
N 

N 
rl 
I 

W 

0 
N 

a 
a3 
rl 
I 

0 

a3 
N 

I 

h 

4 
7 

h 

\o 
rl 
I 

4 

a 
N 

I 

0 
4 

m 
a3 
-I 
I 

\o 

h 
N 
I 

0 
m 
7 

$ 
h 
rl 

I 

rl 

\o 
hl 

I 

0 
N 

4 
a3 
rl 
I 

0 

h 
hl 

I 

m 
e 
7 

m 
b 
rl 
I 

rl 

rD 
N 

I 

h 

hl 
rl 

I 

0 
rl 
hl 

1 

I- 

m 
rl 

I 

m 
rl + 

n 
0 
h 
I 

W 

a3 

? 
rl 
rl 
I 

m 
a3 
rl 

I 

h 

h 
rl 
I 

hl 

rl + 

h 
N 

rD 
I 

W 

a3 
rl 

a3 

rl 
rl 
I 

N 

m 
rl 

1 

4 
m 
rl 

I 

N 

0 
I 

n 
!Q 
' L a  
m . 1. 
W 

a3 
rl 

0 
rl 
rl 

I 

0 
h 
rl 
I 

4 
m 
rl 
I 

4 
hl 

I 

n 
4 
m 

I 
W 

\o 
hl 

a3 
co 
rl 

I 

\o 

m 
hl 
I 

"1 
0 m 

I 

m 

7 

n 
h 

4 
rl 
I 

W 

0 m 

rl 

rl 
rl 
I 

rl 

h 
rl 

I 

m 
b 
rl 
I 

N 

0 
I 

n 
hl 

h 
I 

W 

\o 
hl 

4 

a3 
S 

a3 

\o 
rl 

I 

4 
m 
rl 

I 

4 
m + 

n 
0 

vr 
W 

rl 
a, 
V 

c 
0 

m e  .. 
& ( d  u u  
Go 

4 
rl 
a, 
V 

m a m  d o  u u  
G o =  

n 
a 
k 

__ .i ., 

\o 

a3 

N 

a3 

a, 
m 

\o 

a3 

o h l h l m m  
c o a 3 c o a 3 a 3  
. . . . .  

n 1m 
8 
X 

n 

h 
c 
0 v) 

a, 
.rl 
U 
a, a cn 

v1 3f rl 

rl 
W 

.A 

?I n 

( d i i  

2 
a, 

o ( d  
L) $1 0" o u  n 

k 
.rl 
(d 
W 

rl 
U 



a '  '9 d 

a 

F: 
3 

"I4 
4J 
M s 

'00 
I 

m 
9 
r( 

0 

hl 

9 
rl 
I 

d 

0 + 

h 
m 
h 

I 
W 

. .  
c X ) c o  
h l h l  
I I  

a d -  . .  
m m  m m  
I I  

0 0  
0 0  
. .  

I 

rl 

a, 
c( 
P 
cd 
E; 

00 0 0  
r-4 h l h l  

c 
E 7 
d 
0 
c) 

I -  
0 

d 
.d 

m 
a, 
7 
d 
(d 
? 

m 
rl u 
ck) 

E 
0 
k u-r 
71 
a, 
+I 
(d 

r-4 
7 
0 

l-l 
(d 
0 

$ 
a, 
P 
a, 
3 
(d 
F 
m 

.I4 
v1 
a, 

c 
a, 
k 
(d a 
c 

.I4 

m 

5 

s 
d 
a 
3 

m 
rl u 
ck) 

.I( 

n 
b 
9 
Q\ 
d 
W 

2 
a" 
Q) 
M 

a c 
(d 

k 
a, rn 
7 
a" 

2 

h 
P 
a 

.I4 
E 
k 
Q) 
4-l 
Q) a 
m s 

Fi 
R 

d 
cd 
3 

.I4 
k 

d 
.I4 
3 e 
a, 
M c 
..-I 

3 



TABLE 2 

Spec i es  

Dunal i e l  l a  

S ke I etonerna 

Skeletonema 

V a r i a t i o n s  i n  CI3 Content i n  Marine P lank ton  as a Func t i on  
o f  Length o f  Respi r a t  i o n  

( r e  I a t  i ve t o  PDB I Standard 1 

Length of  Resp i r a t i o n  
( i n  days) 

0 

I 
5 

12 

19 

0 

I 

6 

12 

0 

I 

6 

12 

6 C l 3  

- H C03 

0.0 

+0.3 

t 0 . 4  

n.d. 

n.d. 

t3.4 

n . d .  

n.d. 

n.d. 

t 2 . 6  

n.d. 

n.d. 

n.d. 

6 C l3  

Cel I Carbon 

-16.2 

-18.8 

-20.9 

-21.8 

-21.7 

-13.4 

-10.9 

- I  1.8 

- I  I .8 

- 9.7 

- 9.2 

-10.5 

-10.4 

Tempe r a t  u r e  
O C  

18 

18 

18 

18 

18 

18 

18 

18 

18 
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Fig .  1. Diagram i l l u s t r a t i n g  the in f luence  of temperature and of 

t he  method of supplying carbon t o  growing a l g a l  c u l t u r e s  on the  

CI3 enrichment of t h e  a l g a l  c e l l s  r e l a t i v e  t o  the  bicarbonate  

of t h e  medium. Data a re  given i n  Table 1. 

Fig.  2 .  Diagram i l l u s t r a t i n g  r e l a t i o n s h i p s  between the CI3 content  

of @ c l o t e l l a  nana cel ls  ( c i r c l e s ) ,  molecular C02 of t h e  

medium (squares)  and bicarbonate of t h e  medium ( t r i a n g l e s )  

i n  t h r e e  sets of experiments, i n  which a i r  (upper set) ,  excess 

bicarbonate  (middle set)  and 5% CO (bottom s e t )  served as  

source of carbon. Data a r e  given i n  Table 1. 

2 

Fig.  3.  Decline of C I 3  con ten t  of Dunal ie l la  t e r t i o l e c t a  kept  i n  

continuous darkness.  Data a re  given i n  Table 2.  

Fig.  4 .  D i s t r i b u t i o n  of forms of i no rgan ic  carbon i n  f r e s h  and sea 

water, as pe rcen t  of t o t a l  p re sen t .  

sum of t h e  carbonic a c i d  (H CO ) and "molecular CO presel=t. 

Modified from Skirrow (1965, Fig.  4 ) .  

"Dissolved CO2I1 i s  t h e  

2 3  2 
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